ABSTRACT: Atomic or molecular preferential adsorption on a surface template provides a facile and feasible means of fabricating ordered low-dimensional nanostructures with tailored functionality for novel applications. In this study, we demonstrate that functionality of C-doped BN nanomesh can be tailored by an external electric field which modifies the strength of the adsorbate binding to the nanomesh. Specifically, selective binding of H, O, H 2 , and O 2 at various sites of the C-doped nanomeshwithin the pore, on the wire, and at an intermediate siteis investigated with density functional theory. The calculated results find that atomic species are bound, but the molecular species are not bound to the nanomesh. We have shown that it is possible to modify the adsorbate binding energy with the application of an external field, such that the molecular H 2 can be bound at the pore region of the nanomesh. Interestingly, the work function of the nanomesh has a close correlation with the adsorbate binding energy with the BN nanomesh.
INTRODUCTION
Elevated levels of pollution from greenhouse gas emissions and urban air contaminants contribute significantly to the climate change. To a certain extent, this sparks the out-of-the-box approach in the energy industry, and draws some of its focus away from the conventional fuel sources. One of the potential alternatives is fuel cells. As these hydrogen-powered technologies have progressed in leaps and bounds in recent years, there is a growing necessity to explore novel materials or techniques for its storage in large amounts at ambient temperature and low pressure, with low volume and weight, while performing with fast kinetics involving charge-recharge processes. 1 Of the numerous approaches, gas-on-solid adsorption has been identified to be particularly safe and energy-efficient. 2 The solid material candidates include zeolites, 3 carbon-based materials (such as activated carbon, 2 carbon nanotubes, 4 carbon fibers, 5, 6 pillared-graphene nanostructures 7−9 ), metal−organic frameworks (MOFs), 10 and nanostructured metal particle or films.
11 −13 Notably outstanding are carbon fibers of the "platelet" and "herringbone" forms with storage capacities exceeding 50 and 60 wt %, respectively, while other carbon structures attain at least 7 wt % in performance. 2 The excellent storage performance of these materials makes them viable solutions for hydrogen storage. On the other hand, oxygen storage is also important in the energy industry, such as the catalytic combustion process. 14, 15 More significantly, the presence of oxygen-storage materials enhances the performance of proton-exchange membrane fuel cells. 16 Therefore, efficiency of hydrogen and oxygen storage materials is paramount to the fuel cell technologies.
A nanomesh could be such a feasible configuration that provides the functionality of both hydrogen and oxygen storage. 17 In general, the nanomesh is a two-dimensional superstructure which comprises regions of depression called "pores" (lower region) and a continuous mesh-like structure called "wire" (higher region) in a corrugated form. 18, 19 Due to lattice mismatch between the nanomesh and the substrate, some of the atoms at the interface experience larger repulsive forces than others (and vice versa for attractive forces), and consequently buckling occurs on the surface. 19 In such a buckled configuration, what essentially draws attention to the nanomesh from the scientific community is its ability to trap various types of molecules. Hence, a nanomesh can be seen as a candidate material for hydrogen and oxygen storage applications. This is what we will explore in this work considering a nanomesh comprised of BN, and employ density functional theory (DFT) to investigate the selective binding (storage) of H, O, H 2 , and O 2 at various sites of the nanomeshwithin the pore, on the wire, and at an intermediate site. Since the doping of a BN sheet and its nanostructures with C is a typical method to control the electronic properties of these systems, 20 −22 we will also consider C-doped BN nanomesh. The energetics of a bare BN nanomesh, including the binding strength of the adsorbates to the different regions of the nanomesh, will be compared with that of a C-doped nanomesh. From its local electrostatic potential, the work function of the nanomesh will be derived, and its relationship with the binding strength of the adsorbates will be elucidated. We will also examine the effect of external electric field on the adsorbate binding energy since the adsorbed molecules are inherently a result of the polarization effect induced by surface dipoles. Last but not least, since a hydrogen binding energy within the range of −0.1 to −0.5 eV/ atom is optimal for storage applications, 23 we will then establish the feasibility of using a BN nanomesh for hydrogen storage.
COMPUTATIONAL MODEL
The first reported study of nanomesh is that of hexagonal boron nitride; 18 58 on the BN nanomesh. Relevant to the discussion, the electronic structure and template function of graphene and BN nanomesh on Ru(001) are compared in ref 40 .
In this work, we consider the Rh(111) substrate for the BN nanomesh. The h-BN/Rh(111) nanomesh typically consists of a lattice formed by a 13 × 13 h-BN supercell deposited on a 12 × 12 Rh(111) supercell (also known as a 13-on-12 supercell). 32, 53, 54 In a given model, the substrate is generally simulated by the slab model containing multilayers. For example, simulation of the Rh(111) slab may require 3 layers containing at least 1100 atoms. Although simulation of the substrate of this scale can reasonably be handled by a large computing cluster, we realize that it is not necessary to recreate the nanomesh in its entirety. Specifically, we will consider three distinct regions of the nanomesh, namely the "pore", "intermediate region/IM", and "wire", which mimic the binding sites for the adsorption. These different regions can be modeled by using a much smaller supercell requiring relatively modest computational resources. This is similar to the approach employed to study adsorption of gold atoms on a nanomesh 53, 54 where transition between pores and wires is sharp and takes place within a couple of BN bond lengths. It has been established that the qualitative trends and conclusions are not affected by the approximations made in modeling a small fragment of the nanomesh. 53 Note that in our study, a perfect crystalline layer of BN is considered. In experiments, however, line defects will be formed when BN islands coalesce into a nanomesh. 59 The magnitude of the adsorbate binding energy is likely to depend on the nature of the defect, type of species, and hence the electrostatic interaction between the defect and species. This is exemplified by two previous studies on the effect of the defect on adsorption; in the first case, 60 the binding energy increases with the coordination of the defect site (i.e., the "extent" of defect), while this trend is not observed in the second study. 61 In the BN/Rh(111) configuration, B or N atoms at the center of the pore region appear to occupy the (fcc,top) configuration on rhodium atoms, 19 while IM and wire regions away from the pore have a continuum of offset from the (fcc,top) sites. One can therefore consider the (fcc,top) configuration for all the regions in calculations without the loss of significant accuracy. To mimic the corrugation of the structure, a larger separation between the substrate and the sheet for the IM and wire regions relative to that optimized for the pore region was considered. The distance between the highest and lowest points 34 of the nanomesh is calculated to be 1.9 Å. Thus, the distances of 3.13 and 4.08 Å between the substrate and the sheet were taken for the IM and wire regions, respectively. The calculated binding energy of the sheet at the pore, IM, and wire regions is −1.06, 0.33, and 0.47 eV, respectively, suggesting the sheet to be bound at the pore region.
The supercell considered consists of commensurate 2 × 2 cells of h-BN and Rh(111). Three ABC-stacked layers of rhodium atoms with the FCC structure are taken to simulate the substrate. The dopant, C substitutes either B or N in the h-BN sheet. Since h-BN and Rh(111) have a lattice mismatch of about 8%, the C-doped BN sheet is slightly stretched to match the lattice constant of Rh(111) in order to attain the commensurability of the 2 × 2 supercell.
Calculations based on DFT are performed with the VASP (Vienna Ab Initio Simulation Package) package, with the implementation of projector augmented-wave (PAW) pseudopotentials 62 (with an energy cutoff of 400 eV) and the Perdew− Burke−Ernzerhof (PBE) exchange-correlation functional in the generalized gradient approximation (GGA). 63 Note that we have also considered the dispersion-corrected functional form which yielded a very small change in total energy in agreement with the calculations; the van der Waals corrected DFT results are comparable to the GGA results on physisorption of molecular hydrogen on graphene and carbon nanotubes. 64 The Brillouin zone is sampled with a (10 × 10 × 1) k-point mesh using the Monkhorst−Pack scheme. 65 The structures are optimized until the forces (as calculated by the Hellmann− Feynman formalism 66, 67 ) are less than 10 −5 eV/Å. In the supercell, the BN/Rh(111) nanomesh is separated from its periodic image in the direction perpendicular to the surface by a vacuum region of 8 Å. Note that calculations performed with a larger vacuum region of 12 Å retain the shape of the local electrostatic potential for the C-doped BN nanomesh [see the Supporting Information, Figure S1 ]. Dipole corrections are applied in the direction perpendicular to the nanomesh surface to avoid interactions between periodically repeated images.
To partition the continuous charge density among the atoms in the system, Bader's atom in molecules theory 68 is implemented, such that the atomic basin is determined at the zero flux surface around the atom. This surface is observed in the two-dimensional sense at which the charge density is at a minimum perpendicular to the system surface. Therefore, the total electronic charge of each atom can be defined, and the charge among the atoms distributed.
RESULTS AND DISCUSSION
The atomic structure of the nanomesh is generally determined by interplay between the interaction of Rh with B or N atoms and the interaction within the sheet. Figure 1 shows the optimized configuration of the BN nanomesh. Similar to what was reported earlier, 32, 34, 51 the sheet is buckled in such a way that N atoms are pushed further away from the Rh substrate, whereas B atoms are pulled toward it. Substitution of C in the sheet does not change its separation with the substrate. However, degree of buckling is disparate in the C N and C B configurations of the nanomeshthe mean height of N atoms is higher than that of B atoms by approximately 0.05 Å for C N , while it is 0.14 Å for C B . Both atomic adsorbates H and O are positioned at the top of the dopant with the bond distances of 1.149, 1.148, 1.509, and 1.464 Å for H−C N , H−C B , O−C N , and O−C B bonds, respectively (see the Supporting Information, Figure S2 ). It is to be noted here that the C−H and C−O bond lengths are reported 69 to be 1.06 and 1.43 Å, respectively. 3.1. Energetics. The calculated binding energy of the atomic and molecular adsorbates at the pore, IM, and wire regions of the nanomesh are listed in Tables S1 and S2 [see the  Supporting Information] . The results are also summarized in Figure 2 . The binding energy of adsorbate can be expressed as
where E ads/C−BN/Rh , E C−BN/Rh , and E ads are the total energies of the structure with adsorbate, without adsorbate, and the adsorbate, respectively. Thus, a bound atom/molecule will be associated with a negative binding energy (eq 1). Note that the energies of the adsorbates were calculated by the spin-polarized electronic structure calculations.
We find H to be bound for all the regions of C-doped nanomesh. This is not the case for the undoped BN nanomesh where atomic H can only be bound at the N site for the pore and IM regions (Table S1 , Supporting Information). The calculated results therefore suggest that the bond between H and the dopant C is relatively stronger than that of H and B/N of the undoped nanomesh. Interestingly, the preferred adsorbate binding site is predicted to depend on the region of the nanomesh; H adsorption prefers the C N site at the wire region, while the C B site is preferred at the pore region. Note that a molecular H 2 configuration either perpendicular or parallel to surface is predicted by our calculations to be unbound to the nanomesh (Table S1 , Supporting Information). This is in contrast to the case of the pristine BN nanotube whereby the binding energy of H 2 is predicted to be −0.09 eV/ atom. 70 Akin to that of H, the C−O bond is generally stronger than the B−O and N−O bonds and C B -doped nanomesh binds O more strongly at the pore region (Table S2 , Supporting Information). The O 2 molecule with a bond length of 1.4 Å could not be trapped by the C-doped nanomesh at any site including the perpendicular and/or parallel orientations (Table  S2 , Supporting Information).
3.2. Work Function. The binding energy of atomic and molecular species adsorbed on the nanomesh is expected to be determined by the work function of the C-doped BN nanomesh. Since adsorption occurs on the surface of the nanomesh, the binding energy of the adsorbed species is primarily governed by the nature of the nanomesh; the choice of substrate, and hence the lattice mismatch between the substrate and grown layer, may have only a small effect on the adsorbate binding energy. Note that the work function is defined as the minimum energy required to remove an electron from the bulk of the material to the vacuum level, and is essentially termed as the electron binding energy. By averaging the electrostatic potential across the horizontal plane (parallel to the surface of the nanomesh), and plotting it along the direction normal to the surface (Figure 3) , the work function of the nanomesh can be calculated as
where E vac is the vacuum level, and E F is the Fermi energy.
Since the planar-averaged local potential is adjusted to the Fermi energy such that E F = 0, the work function can then be obtained from the vacuum level as shown in Figure 3 . The work function of an undoped nanomesh is approximately 4.30 eV, which compares well with that (4.15 eV) reported in ref 71. At the pore region of the nanomesh, regardless of the presence of adsorbate, the work function is invariant. At other regions, it diverges; a higher work function for the wire region of C N -doped nanomesh makes the removal of electrons into the vacuum relatively more difficult than the corresponding removal from the pore region ( Figure 3 ). This is consonant with the trend of change of binding energy of atomic H and O to the nanomesh (Tables S1(b) and S2(b), Supporting Information); there is a direct relationship between the binding energy and work f unction of the nanomesh. Likewise, this correlation is also seen in C B -doped nanomesh. The sitedependent nature of the work function reflects the description given in ref 33 , whereby the work function at the wire region is greater than that at the pore region.
3.3. Chemical Bonding. To understand the regiondependent variation in the binding energy of the adsorbates considered (Figure 2) , the role of the Rh substrate will now be examined via its interaction with the sheet at the pore, IM, and wire regions of the nanomesh. First we will look into the possibility of charge transfer between the doped sheet and the substrate, and then calculate the density of states to investigate the extent of hybridization of molecular orbitals of the BN sheet and the Rh substrate in the nanomesh configuration.
Considering that doping-induced effective charge in the BN sheet may influence the site-preference for atomic and molecular species considered, we define the net charge dQ associated with the BN sheet as the difference between Q (Cdoped sheet) and Q′ (C-doped nanomesh, i.e. C-doped sheet interacting with the substrate) with Q being Bader's charge. 68 dQ is expected to vary with the distance between the sheet and the Rh substrate in the corrugated nanomesh representing the pore, IM, and wire regions, and the negative value of dQ implies that the electronic charge is transferred from the sheet to the substrate. For the case of the C N -doped sheet, dQ increases with the separation, i.e. more electrons are depleted. For the case of the C B -doped sheet, an increase in the separation of the sheet and substrate decreases the transfer of charge to BN, since fewer electrons are transferred from the substrate to the sheet. The charge transfer in the oxygenadsorbed nanomesh is impervious to the separation for both C N -doped and C B -doped sheets. This is not the case with atomic H where variation in the charge transfer with the pore, IM, and wire regions is predicted (Figure 2) .
Bonding between the C-doped BN sheet and the Rh substrate appears to be dominated by the hybridization of Rhd z 2 with N-p z orbitals. Figure 4 shows a representative case of the pore region where such hybridization induces a band near Fermi energy in the projected density of states. This band shows a small shift to the higher energies in going from the pore to IM to wire regions (see the Supporting Information, Figure S6 ), though the degree of shift depends on the doping siteit is larger for C N -doped relative to C B -doped nanomesh. This disparity is due to the dissimilitude in the extent of charge transfer in the nanomesh; dQ is larger for C N -doped than for C B -doped for all regions of the nanomesh (Figure 2 ). Note that variation of energy states at different regions in the adsorbate/ C-doped nanomesh configuration is akin to that without adsorption (see the Supporting Information, Figures S5 and  S6) , and is again well-comprehended by the variation in dQ shown in Figure 2. 3.4. Tuning of Adsorbate Binding Energy via External Electric Field. The confining potential in the pore region is largely ascribed to the presence of surface dipoles which are formed due to the polarization effect by the metal substrate. 33 These dipoles can trap molecules or small clusters that are highly polarizable. Therefore, the binding strength of the adsorbate is closely related to the surface dipole moment of the BN nanomesh. Considering that the dipole moment is a measure of the separation of positive and negative charges, application of an external electric field in the direction perpendicular to the nanomesh surface can modulate the surface dipole moment, thereby tailoring the adsorption. This essentially permits the tuning of the "capture and release" processes in the energy storage applications. In relevance to the above discussion, the band gaps of BN sheets are relatively sensitive to the magnitude of the external electric field.
72,73
The charge transfer at the pore region of the nanomesh with the adsorbates is examined in Figure 5 where the charge density difference plot shows accumulated and depleted regions at the interface of the nanomesh. The electric field is applied in the direction perpendicular to the nanomesh surface. For atomic H adsorbed on C N -doped nanomesh, H, C, and Rh atoms determine the bonding characteristics at the interface. There is minimal charge transfer between H and B atoms ( Figure 5 ). This is in stark contrast to the case of C B -doped nanomesh where, in addition to the C−H charge transfer, accumulation and depletion regions between H and neighboring N atoms (in white) are considerably large, indicating a non-negligible charge transfer between H and N at the interface. For the case of adsorption of atomic O, the charge transfer occurs between B− O and N−O atoms in C N -doped and C B -doped nanomesh, respectively, while the Rh−C charge transfer occurs only in C Ndoped nanomesh.
By using Bader's method to draw the atomic boundaries, 68 change in the mean charge of each constituent element with the electric field strength is probed. In all cases, atoms, with the exception of the dopant, accumulate charges with the increase of the positive field strength. When the electric field is increased in the reverse direction, charges are depleted. The degree of change of charge transfer is much higher in C B -doped nanomesh, suggesting that electron transfer is sensitive to the electric field strength for C B -doped nanomesh, though fewer charges are transferred at all sites under zero bias (Figure 2 ). For instance, variation of the field from −0.5 to 0.5 eV/Å induces changes in the atomic charges; the change is about 7% for H and 1% for O in C N -doped nanomesh, and 12% for H and 3% for O in C B -doped nanomesh. Figure 6 shows variation of the adsorbate binding energy (ΔE) with the electric field for the pore, IM, and wire regions of the nanomesh. In all cases, the adsorbate binding energy of atomic O is larger than that of atomic H. A direct relationship between variations in ΔE with the electric field is not seen, though both adsorbates have a unique response to the electric field at the wire region of the C N -doped nanomesh, as compared to that associated with the other two regions including pore and IM regions. That notwithstanding, the trend in each scenario is consistent with the zero-field values of ΔE given in Tables S1 and S2, Supporting Information. The degree of change of ΔE in going from −0.5 to 0.5 eV/Å (Table S3, Supporting Information) demonstrates that C B -doped nanomesh is more responsive to variation in the strength of the electric f ield considered here. Note that eV/Å is the unit for the electric field strength in the VASP program (see the Supporting Information, page S-13). This prediction is consistent with the prediction of a relatively large transfer of charge occurring for the C B -doped nanomesh under the external electric field ( Figure 5) .
The ability to alter the binding energy of the adsorbates on BN nanomesh by the external electric field suggests that atoms which are not bound to the nanomesh under normal circumstances might be able to bind to the nanomesh when an electric field is applied. This is what we have seen: application of an external field finds the molecular H 2 to be bound at the pore region and ΔE becomes negative for the molecular H 2 in C B -doped nanomesh at −1.4 eV/Å (Figure 7) . Interestingly, C N -doped nanomesh shows an opposite trend in ΔE which becomes positive at −1.4 eV/Å. Note that such a high electric field has been reported in practice, for example in scanning tunnelling microscopy (STM) applications. 74 To ascertain the origin of the disparity between the binding strengths of H 2 with C N -doped and C B -doped nanomeshes, we examine their projected band structures at the electric field strength of −1.4 eV/Å. Note that the charge of the molecular adsorbate does not vary with the electric field, suggesting that the charge transfer is not likely to be the dominant factor in determining the magnitude of the adsorption binding energy (see the Supporting Information, Figure S8 ). 
SUMMARY
The BN nanomesh is a corrugated form of the two-dimensional BN sheet that is synthesized by self-assembly on certain types of transition metal substrates. It has demonstrated a unique ability to trap molecules and clusters, thereby allowing it to function as a surface template in applications such as hydrogen storage at nanoscale. In this study, first-principles calculations with density functional theory are carried out to explore the ability of the nanomesh to trap atomic and molecular species of hydrogen and oxygen. The most energetically preferential site of adsorption in C-doped nanomesh is dependent on the type of atomic species (B or N) that is substituted by the dopant in the lattice. Atomic hydrogen and oxygen can be bound to Cdoped nanomesh, and molecular species which are arranged either perpendicular or parallel to the nanomesh surface remain unbound. For atomic adsorption, the bond between the adsorbate and the dopant is stronger than that between the adsorbate and one of the constituent atoms of the nanomesh. The work function of the BN nanomesh has a strong and direct relationship with the binding energy of adsorbates, and is contingent on the (1) type of configuration (nitrogen-or boron-substituted) and (2) site of adsorption. Furthermore, the charge transfer in C B -doped nanomesh is more sensitive to the electric field strength than that seen for C N -doped nanomesh. We have shown that it is possible to modify the adsorbate binding energy with the external electric field applied to BN nanomesh. As an ending note, we find that the BN nanomesh is not likely a candidate material for hydrogen storage applications, since the hydrogen binding energies are predicted to be beyond the optimal range of between −0.1 and −0.5 eV/ atom.
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